Abstract. Electron transfer dissociation (ETD) and collision-induced dissociation (CID) were used to investigate underivatized, metalcationized oligosaccharides formed via electrospray ionization (ESI). Reducing and non-reducing sugars were studied including the tetrasaccharides maltotetraose, 3α,4β,3α-galactotetraose, stachyose, nystose, and a heptasaccharide, maltoheptaose. Univalent alkali, divalent alkaline earth, divalent and trivalent transition metal ions, and a boron group trivalent metal ion were adducted to the non-permethylated oligosaccharides. ESI generated produced various glycosidic and cross-ring cleavages, with ETD producing more cross-ring and internal ions, which are useful for structural analysis. Product ion intensities varied based on glycosidic-bond linkage and identity of monosaccharide sub-unit, and metal adducts. ETD and CID showed high fragmentation efficiency, often with complete precursor dissociation, depending on the identity of the adducted metal ion. Loss of water was occasionally observed, but elimination of small neutral molecules was not prevalent. For both ETD and CID, [M + Co] 2+ produced the most uniform structurally informative dissociation with all oligosaccharides studied. The ETD and CID spectra were complementary.
Introduction

O
ligosaccharides are an important sub-class of carbohydrates containing a small number of monosaccharides including hexoses, pentoses, hexosamines, uronic acids, dexoyhexoses, and sialic acids. Each unit is bonded to the next at different positions of the pyranose or furanose ring through an α or β glycosidic bond. The variability in the bonding positions for the monosaccharide units allows a variety of highly branched, linear, or stacked structures. Oligosaccharides are found naturally with O-linked or N-linked oligomers, sulfated as glycosaminoglycans (GAGs), or as sialylated glycoconjugates [1] . These modifications are also common for glycopeptides and glycolipids. This configurational diversity allows oligosaccharides to participate in many cellular and biological processes in the body, including protein folding and stabilization, molecular recognition within cells, energy storage and extraction, protein-ligand targeting, and protein function modulation [1, 2] . The biological function of oligosaccharides can depend greatly on structure. Characterization of oligosaccharide structure requires knowledge of linkage, position, branching, sequence, anomeric configuration, and covalent modifications [3] .
Mass spectrometry (MS) is an important technique for structural analysis of oligosaccharides, offering advantages such as high speed, sensitivity, and minimal sample requirements. Electrospray ionization (ESI) and matrix-assisted laser desorption/ionization (MALDI) have been used to produce quasi-molecular ions for high mass species in the gas phase in both positive and negative ion modes [4] [5] [6] . Many monosaccharides and polymers of monosaccharide units have the same chemical formula and mass-to-charge ratios (m/z), which limits the utility of high resolution MS. Fragmentation of the molecule via tandem mass spectrometry (MS/MS or MS n ) is key to distinguishing between various oligosaccharides. Glycans can undergo two major types of fragmentation in MS/MS: glycosidic cleavage and cross-ring cleavage [7] . Glycosidic cleavages are able to provide information on composition, branching, and sequence within the molecule, while crossring cleavages can provide information on linkage types.
Several MS/MS techniques have been utilized for carbohydrate studies, including collision-induced dissociation (CID) [8] [9] [10] [11] [12] [13] [14] , post-source decay (PSD) and in-source decay (ISD) [15, 16] , infrared multiphoton dissociation (IRMPD) [17] [18] [19] [20] [21] , ultraviolet photodissociation (UVPD) [22] [23] [24] [25] , and electronbased ion activation methods (ExD) [8, 17, 18, 21, [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] . However, neutral underivatized oligosaccharides are difficult to protonate [7, 9, [39] [40] [41] [42] [43] . Duffin et al. [39] reported that protonated ions of 11 oligosaccharides were only produced via ESI after CID of ammoniated or sodiated precursor ions. Bahr et al. [44] discussed that underivatized oligosaccharides are unable to be ionized at the same sensitivity as peptides and proteins due to hydrophility and found that derivatization and nano-ESI increases surface activity and enhances protonation. When protonation is successful, fragmentation varies based on the MS/MS technique employed and often involves gas-phase rearrangements of the ions. Several studies [9, 42, 45] revealed that low-energy CID of protonated oligosaccharides produces mainly glycosidic cleavages. Use of high-energy CID [45, 46] or metallated precursor ion with low-energy CID [9, 10, 47] enhances cross-ring cleavages. Electron-based ion activation methods have been utilized to reduce the loss of labile modifications that is observed in CID and IRMPD, and to improve sequence coverage of oligosaccharides [21, 28, 29, 32, 34, 48, 49] .
Studies using a variety of metal ions have shown that metallated oligosaccharides can provide structurally informative fragmentation in both positive and negative ion modes [13, 16, 38, 46, 47, [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] . Adamson and Håkansson [38] complexed alkali, alkaline earth, and transition metal ions to several underivatized oligosaccharides and found that with electron capture dissociation (ECD) and IRMPD metallation greatly improved the structurally informative fragmentation, although no one metal ion stood out as optimal. Costello and coworkers [28] studied five permethylated metallated oligosaccharides, finding that magnesium(II) provided the most fragmentation by ETD and that complementary fragmentation occurs by CID and ETD. Permethylation involves conversion of the free hydroxyl groups on the sugar into methoxy groups; this can simplify MS analysis by improving ionization, and facilitating characterization of glycosidic bond positions and branching [40, [61] [62] [63] [64] [65] [66] . However, even with permethylation, it is common to study sodiated precursor ions [7, 10, 45] due to the difficulty of achieving protonation.
The goal of this project is to explore the ability of ETD and CID to provide structural information on several underivatized oligosaccharides with a variety of metal adducts. Alkali, alkaline earth, first row transition metals, and a boron group metal were used to investigate the effects of charge, ionic radius, ionization/recombination energy, and valency of the metal adduct on oligosaccharide dissociation.
Experimental
All experiments were performed using a Bruker HCTultra PTM Discovery System high capacity quadrupole ion trap mass spectrometer (Bruker Daltonics, Billerica, MA, USA). Sample solutions were made with a 10:1 metal ion to oligosaccharide molar ratio and infused into an ESI source at a flow rate of 180 μL/h using a KD Scientific (Holliston, MA, USA) syringe pump. Final oligosaccharide concentrations were 10 μM in methanol to water at a 50:50 volume ratio. Source conditions for positive ion mode were capillary voltage: − 3500 V; end plate offset: − 500 V; capillary exit voltage: 120 V; nebulizer: 10 psi; drying gas: 10 L/min; drying gas temperature: 250°C. The amplitude of the voltage for CID experiments was 0.8 to 1.2 V and the collision gas was helium with a 30 to 200% collision energy sweep. Isotopic 18 O-labeling of the reducing end oxygen in the reducing sugars maltotetraose, galactotetraose, and maltoheptaose involved dissolving enough oligosaccharide in 100 μL of H 2 18 O to create a 0.1 M sample. A second identical sample was prepared with a 10:1 ratio of Co(NO 3 ) 2 to oligosaccharide. Both samples were stored in sealed vials in a desiccator at room temperature for 3 weeks. The extent of isotopic labeling was periodically monitored by MS. The solution with the cobalt(II) exchanged most quickly. Before MS analysis, the samples were diluted to 10 μM of oligosaccharide.
The ETD experiments used fluoranthene, generated in a negative chemical ionization (nCI) source, as the reagent anion and methane as the nCI reagent gas. Reagent ions were accumulated for 20.0 ms, the reaction time was optimized at 400 ms, and the low m/z cutoff was 120 m/z. The ETD ion charge control (ICC) target was 250,000 to 400,000. The Bsmart decomposition^function was employed to further dissociate any charge reduced product ions by using resonant excitation to overcome attractive forces that may hold oligosaccharide fragments together following ETD. Precursor ion isolation widths for CID and ETD were varied from 2.0 to 4.0 m/z to achieve maximum product ion intensity. Standard enhanced resolution mode was employed for MS and MS/MS experiments with a scan speed of 8100 m/z per second. Spectra shown are averages of 200 scans. Compass DataAnalysis was used for data processing.
Maltotetraose
Acros Organics (Morris Plains, NJ, USA). The metal salts were nitrates of sodium (Na(I)), potassium (K(I)), magnesium (Mg(II)), calcium (Ca(II)), chromium (Cr(III)), iron (Fe(III)), cobalt (Co(II)), nickel (Ni(II)), copper (Cu(II)), zinc (Zn(II)), and aluminum (Al(III)). H 2 18 O was purchased from SigmaAldrich (St. Louis, MO, USA). Ultrapure Milli-Q 18 MΩ water was produced with a Barnstead (Dubuque, IA, USA) E-pure system.
Results and Discussion
Relevant metal properties can be seen in Table 1 , while structures of the oligosaccharides in this study are in Fig. 1 . Maltotetraose consists of four glucose units with identical linkages between the rings, whereas 3α,4β,3α-galactotetraose has galactose units with α and β linkages on different ring positions. These are both linear, reducing sugars. Stachyose and nystose are stacking, non-reducing sugars with a variety of monosaccharide units and glycosidic bond linkages. Maltoheptaose was included to examine size effects as it contains seven glucose units.
Metallated Oligosaccharide Ion Formation by ESI
The predominant ion in the ESI spectra for all oligosaccharide solutions with no added metal salt is [M + Na] + , where M is the oligosaccharide. Na(I) is a common MS contaminant, most likely from the glassware or solvent system. As previously mentioned sodiated oligosaccharide ions are much more common than protonated ions [7, 9, [39] [40] [41] [42] [43] . Singly-protonated oligosaccharide ions, [M + H] + , were generated by the addition of a small amount of acid, such as 1% acetic acid (by volume); however, degradation of the sugar occurred. In the absence of metal salt, no multiply charged ions formed, even upon the addition of up to 5% acid.
To generate metal-adducted oligosaccharide ions, each of the five oligosaccharides were complexed with all surveyed metals individually. Table 2 indicates the ions observed after additions of the various nitrate salts to the oligosaccharides. To achieve the highest intensity of metallated ions, the molar ratio of metal ion (Met) to oligosaccharide was optimized at 10:1. Ratios of 1:1, 5:1, 20:1, and 50:1 were also studied. Our finding that one molar ratio worked well for all metal ions contrasts with the results of Leary and coworkers [54] , who found that both ionic radii and counter ions affect metal ion coordination to oligosaccharides and concluded that concentration optimization of each metal and sugar may be necessary.
The 3+ is surprising because analogous ions often form with peptides [68] [69] [70] [71] [72] . Fe(III), Cr(III), and Al(III) have not been included in other oligosaccharide studies. As seen in Table 1 , the ionic radii of the trivalent metal ions are similar to the radii of the other metal ions that coordinate well to the oligosaccharides. In addition, Angyal [73] reported that metals with ionic radii between 0.100 and 0.110 nm bind most strongly to monosaccharides in solution. None of the metal ions that we studied have ionic radii in this specific range, although most are within ± 0.02 nm. Any ionic radii effect may be offset by charge density; higher charge with near equivalent ionic radii causes the trivalent metal ions to have a higher charge density than the mono-and divalent metal ions studied. The charge densities range from 284 Q/R 3 for K(I) to 9750 Q/R 3 for Al(III). Metal cations accept electrons from weakly coordinated oxygen atoms on monosaccharides; however, water molecules can displace the coordinated cation, allowing only the strongest metal coordination to remain [73] . Due to their high charge density, trivalent metals should more strongly coordinate to an oxyanion than to a hydroxyl group, thereby favoring the loss of protons during ESI to produce
The arrangement of the hydroxyl groups on a monosaccharide affects its ability to complex to metal ions [74] [75] [76] . A series of experiments were conducted to compare the ability of the metal ions to adduct and ionize the oligosaccharides. Working with each oligosaccharide separately, a solution was first prepared that contained 1 μM of oligosaccharide and all 11 metal ions at 10 μM each; the intensities of the ions produced by ESI were examined. Then, the metal that produced the base peak in the spectrum was removed and the experiment was repeated with the remaining metals. This process was continued until only two metal ions remained. The trend in the ability of the metal ions to produce adduct ions was the same for all five oligosaccharides:
Similar results have been seen in the literature where Harvey [47] found that Ca(II) > Mn(II) > Mg(II) > Co(II) > Cu(II) for adduction to maltoheptaose and Leary and coworkers [54] reported that Ca(II) produced the most intense ions in their study of two sugars with Ca(II), Mn(II), Co(II), Zn(II), and ). This result has no obvious correlation to whether the oligosaccharides are linear or stacked.
Effect of Metal Ion on Dissociation
Domon and Costello nomenclature [77] will be used to label the ionic oligosaccharide fragments. The Domon-Costello nomenclature does not consider non-reducing sugars. In the case of the non-reducing sugars stachyose and nystose, the parent monosaccharide was considered to be the reducing end. For stachyose, this is the fructose and for nystose the glucose unit. In Fig. 1 , all oligosaccharides are drawn with the reducing end, or parent monosaccharide on the right, except for nystose where the parent monosaccharide is on the top of the molecule. Many of the product ions are isobaric with the same chemical formula, making them indistinguishable in the spectrum. Isobaric ions are noted in the spectrum with a comma between two ion labels. Colors used to illustrate the product ions in Figs. 2, 3, 4, 5, 6, 7, and 8 are red for cross-ring cleavages, blue for glycosidic bond cleavages, and green for internal cleavages. The labels for internal ions indicate the glycosidic bond cleavage involved and additional mass lost from cross-ring cleavage. Table 3 . All product ions in Table 3 are observed with both CID and ETD, except for the loss of 120 Da, which was only observed with CID. Undissociated precursor ion is labeled in light blue with a large diamond arrow head and ions involving neutral losses are labeled in black. Han and Costello [28] found that fragmentation of the oligosaccharide is more likely on the nonreducing end than the reducing end of reducing sugars, which the 18 O isotopic labeling of the reducing sugars in this current study agreed with.
The identity of the metal ion affects fragmentation patterns with both ETD and CID. This can be seen in Figs. 2 and 3 , respectively, for maltotetraose. Maltotetraose will be discussed as representative for all oligosaccharides in this study. All ETD and CID product ions from maltotetraose with every metal studied were metallated except for products containing only one glucose unit. Protonated glucose product ions were observed with loss of one, two, three, and four water molecules in all CID spectra. These singly charged protonated monosaccharide ions occur in our CID spectra and are common in other CID studies [47] ; however, they are not found by ETD.
With the singly charged cations Na(I) and K(I), little to no dissociation occurred during ETD or CID. This is illustrated by the CID spectrum of [M + K] + from maltotetraose in . Colors used to illustrate the product ions are red for cross-ring cleavages, blue for glycosidic bond cleavages, and green for internal cleavages. Refer to Table 3 for identities of internal cleavages indicated by mass lost. Undissociated precursor ion is labeled in light blue with a large light blue diamond arrow head. Product ions involving solely neutral losses are labeled in black Supplementary Fig. S1 . In 2+ results in loss of one adducted metal ion and few product ions. These spectra are not structurally informative. This is also true for the MS/MS spectra of sodiated and potassiated ions from the other sugars studied. This predominant pathway of metal ion loss for doubly 2+ from maltotetraose is in Fig. 2b . The majority of the product ions are related to the terminal glucose units; the middle of the molecule undergoes limited fragmentation. The only glycosidic bond cleavage is loss of one terminal glucose unit with product ions having both loss and retention of the oxygen in the glycosidic bond. All internal ions also contain these glycosidic bond cleavages, along with either another glycosidic bond cleavage or a cross-ring cleavage. Product ions that correspond to cross ring cleavage loss of 30 Da (C 2 H 4 O 2 ), 60 Da (C 3 H 6 O 3 ), and 120 Da (C 4 H 8 O 4 ) are very intense and there are multiple isobaric possibilities. 1, 5 X 2 is the only product that solely corresponds to cleavage of one of the middle glucose rings. CID of [M + Mg] 2+ from maltotetraose results in both doubly and singly charged product ions, as can be seen in Fig. 3b . Glycosidic bond cleavage occurred between every monosaccharide sub-unit. Due to the symmetry of the oligosaccharides, there are many indistinguishable isobaric product ions. The ion at m/z 315 is the only product ion that corresponds to cross-ring cleavage alone and could be 2+ from maltotetraose produce glycosidic bond cleavage between every monosaccharide residue, these spectra have few product ions. The ETD spectrum contains a few cross-ring and internal product ions at low intensity, while CID yields only two cross-ring product ions and no internal cleavages. The relative lack of dissociation with Cu(II) is consistent with CID studies by Leary and coworkers [14, 54, 78] , Zhu et al. [57] , and Harvey [47] . ETD and CID spectra of [M + Met] 2+ from maltotetraose with Ni(II) and Zn(II) can be seen in Supplementary Figs. S4, S5, S6 , and S7. 2+ from maltotetraose with 18 O isotopic labeling at the reducing end. Refer to the Fig. 2 caption for an explanation of the color codes From our data, Co(II) appears to be the most promising metal for obtaining informative oligosaccharide fragmentation. This is consistent with work by Leary and coworkers [53, 54] , where Co(II) coordinated easily to oligosaccharides and CID provided extensive structural information, including linkage positions. Our results suggest that this is also true with electron-based techniques such as ETD. Figures 2d and 3d show ETD and CID spectra for [M + Co] 2+ from maltotetraose. In addition, Fig. 4 shows ETD and CID spectra from [M + Co] 2+ from isotopically labeled maltotetraose. Both dissociation methods yield complete glycosidic bond fragmentation and many other product ions. ETD produced many cross-ring cleavages on the terminal glucose units and 2, 5 X cross-ring product ions that were not present in the spectra of other metal adducts. CID on [M + Co] 2+ displayed 100% fragmentation efficiency with no precursor ion remaining. Fragmentation efficiency describes the amount of precursor ion that is dissociated into product ions and is calculated as Σ I(fragment ion)/ I(precursor before dissociation), where I is ion intensity. The CID spectrum in Fig. 4 has more water loss products than the maltotetraose spectra of other metals; for example, many of the glycosidic bond product ions are accompanied by water loss. The product ions of the cobalt-adducted maltotetraose from both dissociation methods are of higher intensity than for the other metal adducts. Isotopic labeling of the oxygen on the reducing end of maltotetraose allows differentiation of the fragment ions from the reducing and non-reducing ends of the oligosaccharide. Although there is glycosidic bond cleavage between every glucose unit, all ETD and CID product ions from maltotetraose are comprised of at least two glucose units. The only product ions that do not contain at least two glucose units are internal cleavages, probably due to the fact that bond cleavage is occurring twice. Another key difference in the ETD and CID spectra is that with CID the only ions that contain the reducing end are Y ions from the non-reducing side of the glycosidic oxygen; however, in ETD, both Y and Z ions from both sides of the glycosidic oxygen are observed. The majority of the cross-ring cleavages include the non-reducing side of the molecule.
The trivalent metal cations induced more cross-ring cleavage and internal cleavage than the divalent cations with CID. However, they did not produce multiply charged precursor ions, making ETD with these metals impossible. CID of [M + Al -2H] + and [M + Cr -2H] + from maltotetraose produced extensive fragmentation throughout the molecule, as seen in Supplementary Figs. S8 and S9 . The fragmentation, with extensive cross-ring and internal cleavages, more closely resembled ETD than CID from the divalent metal adducts of Co(II), Ni(II), and Zn(II). The product ions corresponding to cross-ring cleavage of the terminal rings or cross-ring cleavages with loss , which was not found in any other spectra. Also, CID of these ions did not form the protonated glucose product ions with loss of water that occur in all other CID spectra. CID of [M + Fe -H] + can be seen in Supplemental Fig. S10 and showed similar fragmentation to that with the other two trivalent metal cations, although not as extensive. This could be due to the fact that some Fe(III) can be reduced to Fe(II) during ionization when using our ESI source design [79, 80] .
The number of structurally informative product ions generated with each metal ion varied for the other tetrasaccharides included in the study. For maltotetraose and maltoheptaose (that have linear chains of glucose residues with 1-4 glycosidic bonds), the metals that produce the most fragmentation are Co(II) and Zn(II). For galactotetraose, a linear sugar with varying monomers and linkages, adduction with Co(II), Zn(II), and Ni(II) produced similar structural information. ETD and CID spectra of [M + Co] 2+ from isotopically labeled galactotetraose are shown in Fig. 5a , b, respectively. The non-isotopically labeled spectra are in Supplemental Fig. S11 . Co(II), Zn(II), and Ni(II) produced the most fragmentation for stachyose, a non-reducing stacked oligosaccharide. CID and
2+ from stachyose can be seen in Fig. 6a , b, respectively. Minimal structural information was obtained for nystose, a non-reducing stacked sugar, but similar patterns of fragmentation occur with Co(II), Ni(II), Cu(II), and Zn(II). 2+ from nystose. Although many fragment ions are seen in the spectra, they mainly consist of indistinguishable isobaric internal cleavages.
There are multiple metal ion properties that can influence coordination to and dissociation of the oligosaccharides. The size of the metal affects both methods of fragmentation [14, 16, 38, 54] . In the present study, the metals that produced the most consistent and informative fragmentation had ionic radii between 0.083 and 0.089 nm. Metal ions tend to coordinate to multiple oxygens on an oligosaccharide simultaneously [13, 14, 16, 55, 56, 81] . Therefore, these smaller ionic radii may allow the metals to have a choice of numerous locations, possibly behaving as a mobile cation and increasing fragmentation. The larger ions, such as Na(I), K(I), and Ca(II), with an ionic radius of greater than 0.1 nm may be restricted in where they bind or they may hold together dissociated product ions through simultaneous coordination at multiple sites. Several studies have shown that larger metal cations yield decreased fragmentation by PSD and CID [13, 14, 16] . Electron-based dissociation mechanisms have been studied more thoroughly for peptides than for glycans. Liu and Håkansson [82] proposed that the electron is first captured at the metal ion and then transferred to the peptide backbone; for divalent metal ions, a lower second ionization energy (IE) may facilitate electron movement and enhance fragmentation. Chen et al. [83] , however, suggested that electronic configuration of the metal dictates ECD fragmentation to a greater degree than the second IE. This is based on their observation that metal ions with half or fully filled d orbitals show different fragmentation patterns than metals with partially filled d shells. Supporting this theory, Kleinnijenhuis et al. [84] proposed that Cu(II) captures an electron during ECD, reducing Cu(II) to the more stable d 10 Cu(I), which explains the limited fragmentation they observed from [Peptide + Cu] 2+ . These concepts should hold true for ETD and either could explain why Cu(II) adducts show less extensive dissociation for our oligosaccharides. Cu(II) has the highest second IE of the divalent metals included in the study at 1957.9 kJ/mol, as well as a 3d 9 electronic configuration that favors metal ion reduction. This contrasts with Co(II), which has a much lower second IE of 1648.0 kJ/mol and an electron configuration of 3d 7 , where extensive fragmentation is observed for [M + Co] 2+ with oligosaccharides. The enhanced dissociation seen with Co(II) versus Ni(II) (where both metals have similar solution-phase characteristics and are part of the iron triad) may be explained by the fact that Co(II) has a slightly larger ionic radius, significantly reducing the charge density on the metal ion (2890 Q/R 3 for Co(II) versus 3500 Q/R 3 for Ni(II)).
In a study of glycans, Adamson and Håkansson [35] reported that coordination number of a metal ion and the second IE of the metal can affect ECD fragmentation. Metal second IE may be important but cannot be the overriding factor because in our work Co(II), Ni(II), and Zn(II) produce more fragmentation for oligosaccharides than the lower second IE metals Mg(II) and Ca(II). This may relate to the fact that Mg(II) and Ca(II) already have stable electron configurations of [Ne] and [Ar], respectively. Another factor that could explain our results was proposed by Costello and coworkers [26] , who used theoretical calculations to suggest that the electron is captured at Mg(II) to form Mg(I). This reduced Mg(I) then abstracts a hydroxyl group (•OH) from the sugar, forming a carbon radical that induces fragmentation. In this mechanism, an electron does not need to be transferred to the sugar to induce fragmentation. 
Effect of Oligosaccharide Structure on Dissociation
The identity of the oligosaccharide affects fragmentation, as can be seen in Figs. 2, 3, 4 , 5, 6, 7, and 8. ETD fragmentation efficiency of the tetrasaccharides decreased in the order maltotetraose > stachyose >3α,4β,3α-galactotetraose > nystose with most of the metal ions. ETD on metallated maltotetraose and 3α,4β,3α-galactotetraose generally produce a greater variety of product ions, while maltotetraose and stachyose generate more cross-ring cleavage ions. This could be caused by the types of glycosidic bonds or the identity of the monosaccharide units in the molecule. The reducing sugars show more extensive cross-ring and internal fragmentation near the reducing end than the non-reducing end. 18 O isotopic labeling of the reducing sugars indicates that majority of the cross-ring product ions contain the non-reducing end. Linkage determination is possible by examination of cross-ring cleavage product ions and secondary fragment ions. One example is in comparing ETD on galactotetraose and maltotetraose. Maltotetraose 2+ from maltoheptaose with 18 O isotopic labeling at the reducing end. Refer to the Fig. 2 caption for an explanation of the color codes A n* 0,2 X n* a n represents the position of the monosaccharide ring that is undergoing cross-ring cleavage and can be any monosaccharide unit remaining in the sugar after the glycosidic bond cleavage, while n* must be the same subscript as on the corresponding glycosidic bond cleavage Fig. 7 lacks the neutral loss product ions seen above m/z 600 with the other tetrasaccharides. In order to accurately assign structural information, it is important that a variety of structurally informative product ions accompany high ETD efficiency. The low product ion formation for stachyose and nystose may lie in the fact that they are non-reducing sugars that cannot be hydrolyzed into the aldehyde structure which exists in the Bopen^form in solution [85] . Stachyose and nystose are also stacked sugars, where some or all the monosaccharide units in the chain are flexible due to their glycosidic bond linkage and can stack above each other. Nystose has three flexible furanose rings [86, 87] , while stachyose has rotational flexibility in the terminal monosaccharides and flexibility between the two middle monosaccharides [88] . Nystose produced more electron transfer no dissociation (ETnoD) ions than the other oligosaccharides. With supplemental collisional activation on the charge reduced ETnoD ion, the fragmentation efficiency of nystose was improved and resulted in products that are a mixture of ions formed by ETD and CID. This suggests that metal cations likely coordinate more strongly to multiple oxygens between stacked monosaccharides than between linear chains. The metal ions may be able to bind at different sites on the oligosaccharide depending on these structural differences, which can influence fragmentation pathways [28] . If the metal ion is coordinated to oxygens on multiple rings along with a glycosidic oxygen, the dissociation yield may be decreased. However, as previously mentioned, the ability of metals to ionize the oligosaccharide is independent of the oligosaccharide's structural characteristics.
The effects of structural differences can be seen by comparing the spectra from maltotetraose (Figs. 2 and 3) to those from the non-reducing sugar nystose (Fig. 7 ). The ETD spectrum of nystose is dominated by product ions from internal cleavages with one glycosidic bond cleavage and one cross-ring cleavage, while CID on [M+ Co] 2+ yields cross-ring cleavage between every carbon on the monosaccharide unit (the exact monosaccharide unit cannot be distinguished). This is indicative of each monosaccharide unit being linked together via only one carbon that is a part of the ring such as the 2-1 glycosidic bonds present in nystose. Very little cross-ring cleavage is seen by ETD of nystose; however, a product ion unique to this sugar is 1,2 X 2, which corresponds to loss of a terminal monosaccharide unit and CH 2 OH. Even with little dissociation, ETD and CID still yield complementary fragmentation.
Effect of Chain Length on Dissociation
Maltoheptaose was compared to maltotetraose to study the effects of chain length on fragmentation of metal-adducted oligosaccharides. ETD and CID spectra of [M + Co] 2+ from 18 O labeled maltoheptaose can be seen in Fig. 8 , while the maltotetraose spectra are in Fig. 4 . (Spectra from non-labeled maltoheptaose are in Supplemental Fig. S12 .) ETD on maltoheptaose produced the same type of fragment ions as on maltotetraose, and all seven glucose units underwent dissociation. There was glycosidic bond cleavage between every glucose unit with both dissociation techniques. Maltoheptaose generally produced larger product ions; ETD products from maltoheptaose contain at least four glucose units, while CID products have at least three glucose units from doubly charged precursor ions and at least two units from singly charged precursor ions. In contrast, maltotetraose yields products with a minimum of two glucose units by both ETD and CID. As with maltotetraose, for CID on maltoheptaose the only ions that contain the reducing end are Y ions that occurred on the nonreducing side of the glycosidic oxygen; however, in the ETD spectra, both Y and Z ions are present, on both sides of the glycosidic oxygen. The types of product ions and efficiency of dissociation did not vary between maltotetraose and maltoheptaose. This implies that when the monosaccharide unit remains the same a longer chain does not significantly affect fragmentation.
Conclusions
The current study illustrates the effects of metal-adduction on dissociation of underivatized oligosaccharides. ESI produced intense metallated precursor ions and easily interpretable spectra. Both ETD and CID methods showed high fragmentation efficiency. Cross-ring cleavages and internal cleavages were more prevalent with ETD, while CID yields more glycosidic bond cleavage. The extent and efficiency of dissociation with both ETD and CID is dependent on the metal cation. The differences in fragmentation are likely due to ionic radius, metal coordination, and IE of the metal ions. The trivalent metals used in the study did not readily adduct to the oligosaccharides and produced inconsistent dissociation patterns, possibly due to their high charge density. The most structurally informative fragmentation by both ETD and CID is obtained from [M + Co] 2+ for all oligosaccharides in the study. Increasing the chain length while monosaccharide and glycosidic bond linkage stay the same does not affect fragmentation.
